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Abstract—The basic principles of operation of the sensors based on molecular-electronic transducers (METs)
are described. The review of investigations of physical processes into MET and their operating characteristics
are considered. Modern MET manufacturing technologies and the production methods and the new appli-
cations of planar microelectronic METs are discussed. An overview of devices and systems based on the

METs is given.
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INTRODUCTION

Devices based on molecular-electronic transduc-
ers (METs) have found wide application in mechani-
cal signal detectors [1—3].

MET-based devices have no high-precision
mechanics elements, but, at the same time, they are
characterized by a high efficiency of transformation of
a mechanical signal into an electric current at a level of
physical processes occurring in METs rather than with
the help of correcting electronics. Hence, their char-
acteristics are an order of magnitude better than
parameters attainable by microelectromechanical sys-
tems (MEMSs). Owing to these unique qualities,
MET-based devices also compete successfully with
more expensive precise electro- and magnitomechan-
ical equipment because their weight is substantially
smaller and the cost is less by an order of magnitude.
Moreover, METs are undemanding to transportation
conditions, almost instantly reaches an operating
mode, have a long performance period, and are
extremely simple in operation.

At present, in the level of intrinsic noises at high
frequencies, MET-based devices are still at a disad-
vantage in relation to the best electro- and magnito-
mechanical models. Upon comparison with MEMSs,

their drawbacks are, firstly, an insufficiently high
upper cutoff frequency of no more than 3 kHz (how-
ever, this is typical of the majority of relatively slow
up-to-date electrochemical systems) and, secondly,
the greater (by an order of magnitude) cost. Since
microelectronic technology of MET manufacturing is
constantly developed, these problems should be solved
to a considerable degree.

1. PHYSICAL PRINCIPLES
OF OPERATION OF THE MOLECULAR-
ELECTRONIC TRANSDUCER

Different binary electrolytes ensuring reversible
redox reactions, e.g., iodine—iodide, ferri-/ferrocya-
nide, and so forth, can be used in transducers. In this
case, MET ceclectrodes are produced from metals
implementing electron exchange, rather than cation
one. Theoretically, this enables infinitely long opera-
tion of the device without variations in working
parameters.

At present, iodine—iodide systems with platinum
electrodes have found wide application. An electrolyte
of the given system is composed of a high-concentra-
tion aqueous solution of potassium iodide (KI) or lith-
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Fig. 1. Typical MET: () ceramic or glass tube, (2) electro-
lyte, (3) porous ceramic partition, (4) anodes, (5) cath-
odes, g is the external mechanical acceleration, and V,, is

the output signal.

ium iodide (Lil), the lower temperature limits of
which are, respectively, —15 and —55°C, and a small
amount of molecular iodine (I,). When iodide is in
excess, iodine generates a well soluble complex com-
pound, triiodide, according to the scheme

L+I > (1)

Upon current passage through any MET, electro-
chemical reactions by which iodine is reduced at the
cathode, namely,

I; +2e — 31, (2

and oxidized at the anode:

A -2 > 15, 3)

occur on its electrodes. Under the above conditions,
potassium ions playing the role of a background elec-
trolyte do not participate in reactions.

Typical MET structure is presented in Fig. 1. MET
operation relies on the fact that electric current
through the MET is determined very largely by hydro-
dynamic electrolyte motion caused by an external
action of mechanical disturbances. The rate of a
chemical reaction on MET electrodes considerably
exceeds the rate of reactant delivery to them. In this
case, during reactions proceeding in the MET, reac-
tant concentration gradient arises and charge transfer
within an immovable electrolyte is carried out due to
molecular diffusion from one electrode to another.
When liquid moves under the action of inertia forces,
molecular diffusion is accompanied by convective ion
transfer. As result, the rate of reactant delivery to elec-
trodes is abruptly changed and, accordingly, the cur-
rent flowing through the MET is varied (see Fig. 2).
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Fig. 2. Electrolyte concentration distribution over an elec-
trode assembly with planar permeable electrodes. The
upper figure presents concentration C(x) obtained under
the bias voltage. The lower figure illustrate variations in the
distribution of concentration C(x) under the action of an
incoming liquid flow with velocity is u. Here, C is the

equilibrium electrolyte concentration.

Here and in subsequent figures, letters A and C desig-

nate an anode and cathode, respectively, and u is the
electrolyte flow velocity. Modern METs possess a lin-
ear output signal relative to acceleration in wide fre-
quency range and under dynamical conditions.

The MET principle of operation can be easily
explained using the approximation of planar elec-
trodes permeable to liquid and impermeable to
charges, which was first proposed in [4].

Upon exposure to electric voltage, an electrochem-
ical current (so-called “background current”) inde-
pendent of mechanical motion traverses the system
(see the upper figure). In this case, electrochemical
reactions create the concentration gradient of solution
components, and charge transfer is implemented with
the help of ion diffusion from one electrode to
another.

In the presence of a mechanical signal, an electro-
lyte begin to move under the action of inertia forces
and additional convective ion transport to electrodes is
formed together with diffusion, drastically changing
the rate of reactant delivery to electrodes and conse-
quently the current passing through a sensing element.
The electric current additional to the background one
Vol. 63
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Fig. 3. Types of MET-based sensors: (a) rotational, (b) horizontal, and (c) vertical sensors, A are anodes, and C are cathodes.

and proportional to an external mechanical signal
arises in the system.

In other words (see the lower figure), a liquid flow
induced by mechanical motion distorts the steady-
state distribution of the charge-carrier concentration
in an interelectrode space, leading to strong varia-
tions in concentration gradient near an electrode sur-
face. In turn, an electric current flowing through the
electrode depends on the concentration gradient near
its surface as

1 =-Dgp(VC- ds), (4)
N

where [ is the current passing through the electrode,
Dis the ion diffusion coefficient, g is the single ion
charge, and C is the ion concentration (integration is
performed over electrode surface S).

The difference-cathode-current amplitude is
most often chosen to be an output signal of the four-
electrode system incorporating two anodes and two
cathodes:

1(t) = I, (1) — I, (?)

:quﬁ.VC(t)— jﬁ-VC(t)],

K2 Cl

(%)

where 7 is the time, /(7) is the output signal, and /~,(?)
and I,(7) are the currents through cathodes C1 and
C2, respectively. In this case, such an apparently sim-
ple system is extremely sensitive to mechanical actions
by today’s standards.

In manufacturing of a seismic sensor, a sensing ele-
ment is inserted across a dielectric channel restricted
by flexible membranes on both sides and filled with a
working liquid. The schematic representations of the
various sensors are depicted in Fig. 3. The frequency
response of a commercial transducer is presented in
Fig. 4. The subsequent formation of an output charac-
teristic is achieved with the help of correcting elec-
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tronics. Depending on electronic-data processing, it is
possible to obtain the output proportional to a velocity
(an MTSS-1001/3 velocimeter) or an acceleration
(an MTSS-1033 accelerometer). As a result, for, e.g.,
a velocity sensor, the frequency responce has a typical
planar shape in the wide frequency range.

Despite rather high output parameters, developed
and currently fabricated devices possess several
drawbacks limiting the field of their application. The
main drawbacks can be formulated as follows:

(i) The high manufacturing cost of transforming
components.

(ii) The sufficiently strong spread of the parame-
ters of hand-build transforming components.
Hence, the concomitant electronics of each sensor
had to be adjusted individually, thereby increasing
the device cost.

(iii) The early recession of sensitivity at high fre-
quencies.

W, A/(m/s)
100

10

0.1

1000
f, Hz

100

10

0.5 1

Fig. 4. Frequency responce W(f) of the sensing element of
a seismosensor with a mesh-type transforming cell.
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However, the development of microelectronics
production technologies opens up the substantial
opportunity of surmounting these problems. It was
demonstrated [5—8] that a planar sensing element can
be implemented by microelectronic instrumentation.
The authors of [8] reported the technological founda-
tions of manufacturing of planar METs.

2. CHARGE AND MASS TRANSFER
IN THE MOLECULAR-ELECTRONIC
TRANSDUCER

To describe signal transfer and its transformation
and calculate frequency, dynamic, and noise charac-
teristics of METs, the system of hydrodynamic and
convective-diffusion equations must be solved under
conditions of variable electrolyte flow through an
electrochemical cell.

The most widespread approach [9—18] to simula-
tion relies on the convective-diffusion equation for

I; ions:
aC ARy,

— =DAC-V -VC, (6)
ot

where C is the active ion concentration and V is the
hydrodynamic electrolyte-flow velocity with respect
to a transducer housing. An advantage of the given
approach is a simple mathematical formulation of the
problem making it possible to obtain analytical solu-
tions [4, 11, 12, 19] or establish nonrigid requirements
to computational resources with the help of numerical
methods [14, 9, 10, 20—23].

The electrolyte-flow velocity distribution needed
to solve (5) can be derived from the Navier—Stokes
equation (in calculations of linear responses, it is suf-
ficient to use the approximation of small Reynolds
numbers) and the liquid incompressibility condition:

W _ Ay - Ve (7)
ot 0

div ¥V =0, (®)

where v is the electrolyte viscosity coefficient, p is the
pressure, and p is the electrolyte density.

The boundary conditions for (7) and (8) are formu-
lated using requirements to “adhesion” to solid sur-
faces and conditions to the pressure and velocity at the
edges of a transforming channel, which are standard
for hydrodynamics. After the hydrodynamic-velocity
distribution is found, it remains to calculate the ion
transfer in the cell and determine electric currents
flowing through electrodes.

At small electrolyte-flow velocities, the solution to
the convective-diffusion equation can be sought as a
series in which each subsequent summand is propor-
tional to electrolyte-flow-velocity amplitude # in the
higher power. Investigating the system’s linear
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response, we can restrict ourselves to the first two
terms of expansion:

C=C,+Cexp(inn), )]

where C, is the concentration distribution in a fluid at

rest and C, is a small additive to the concentration,
which is linear with respect to the hydrodynamic
velocity and varies according to a harmonic law. Thus,
equation (6) is transformed to the following system:

AC, =0, (10)
—L=DAC, -V -VC,. (11)

ot
In the linear approximation, the system involving
Egs. (7), (8), (10), and (11) the convective-diffusion
processes occuring in the cell are fully determined by.
As a rule, the boundary conditions employed during
its solution are the natural physical conditions under
which active ion flows are lacking on dielectric sur-
faces and their concentration on conducting elec-
trodes is fixed, the requirements to the constancy of
liquid adhesion at solid walls (they are standard for
hydrodynamics), and the conditions of pressure gradi-
ent at the input and output channels of a transforming

aC,

component. In finding the I5-ion concentration on
electrodes, the boundary condition of limiting current
or the Nernst equation are employed as the boundary
condition.

For a practically used transforming cell, the I;-ion
concentration is chosen in the range of 0.01—0.1 mol/L.
In this case, ions belonging to KI have an appreciably
higher concentration (it value varies from 2 to 4 mol/L).
Aswasrevealedin [24, 27], it is possible to introduce the
small parameter € ~ CIE/C” ~ E‘)C],/C,J ~38C¢/C,,
where dC- = C- — G, 8C,+ = C,+ — C, and G, is
the potassium iodide concentration in a homogeneous
solution.

Equation (6) is most often solved using the simpli-
fied boundary conditions [24] comprising the require-
ment to the constancy of the concentration of electro-

active I; ions [7, 8, 18—21, 25] and the condition of the
constancy of the current density on electrode surfaces
[16—18, 26, 27]. In the cases where the interelectrode
distance exceeds diffusive and hydrodynamic lengths
in the system, electrodes can be interpreted to be dis-
tant from each other. Therefore, the conditions on dis-
tant anodes weakly affect simulation data on cathode
currents forming an output signal. Moreover, for the
limiting current mode employed in real sensors, the
condition concerning the zero concentration of major
ions on the cathode surface is well-founded (in the
case of iodine—iodide systems, the zero concentration

condition on the cathode refers to I; ions). In connec-
tion with this, when simplified boundary conditions
were applied to such systems, the obtained theoretical
Vol. 63
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dependences turn out to be in good agreement with
experimental results.

3. MOLECULAR-ELECTRONIC
TRANSDUCER MODELS

Charge transfer in the molecular-electronic cell is
simulated with the aim of calculating electrode cur-
rents under steady-state conditions and in the case
where liquid moves due to inertia forces. This enables
us to find the transforming-cell response at the speci-
fied type of mechanical actions.

Early theoretical models were commonly
employed to investigate a simplified 1D problem [1, 4,
28, 29]. In the context of such models, calculations
provided unsatisfactory conformity with experimental
data. With the help of analytical and numerical meth-
ods, theoretical models were developed for certain
configurations close to existing electrode systems
[9—18] (see Fig. 3). In particular, it was demonstrated
[13] that the transforming-cell geometry being a rather
complex 3D structure must be successively taken into
account.

It should be noted that the majority of previously
developed theoretical models operate mainly at low
frequencies (from thousandths to several hertz). In
particular, a practical value of these models is related
to wide application of MET-based sensors in long-
period seismology. The new theoretical models had to
be developed to create micro- and nanotransducers.
Hence, many works devoted to the study of transfer
processes in METs with different configurations and
investigations into the characteristics of the given
transducers have been performed both at low and
infralow frequencies [30—33] and in the high-fre-
quency spectral region [11, 12, 16, 17, 34]. From the
viewpoint of the output parameters of a sensing ele-
ment, basic drawbacks of seismosensors are associated
with the special behavior of its characteristics at high
frequencies.

Sensing-element miniaturization [12] promotes a
substantial increase in the upper operating frequency
of METs. However, a further decrease in sizes is pos-
sible only with the help of microelectronic technolo-
gies [6, 7].

Owing to the development of microelectronic
technology of the manufacturing of MET electrode
assembles with the help of standard microelectronic
technologies, not only an electrode assembly but also
the transducer-parameter spread can be considerably
miniaturized, energy consumption is diminished, and
the cost of fabricated sensors can be appreciably
reduced. An electrode system with planar electrodes
has a number of advantages over other discussed con-
figurations of electrodes even if the characteristic con-
figurations of transforming microstructures are pre-
served at the previous level. Since the typical sizes of
the basic components of a transforming system can be
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decreased, it is possible to extend the transducer’s fre-
quency range, increase the linearity, and, in many
cases, ensure the higher sensitivity. In this case, an
important parameter of the planar structure, which
largely determines planar MET characteristics, is the
distance between a cathode and an anode.

A principal novelty consists in that micro- and
nanotechnologies of MET production can diminish
the typical size of main structural components down
to 100 nm, i.e., can provide a decrease by 2—3 orders
of magnitude in the characteristic sizes of transform-
ing components achievable due to modern technolo-
gies. A substantial decrease in transforming-compo-
nent sizes can radically enhance the technical param-
eters of sensors on their basis.

4. NOISES IN THE MOLECULAR-
ELECTRONIC TRANSDUCER
AND GENERAL REGULARITIES

The main mechanism of MET noises is caused by
hydrodynamic fluctuations of a liquid flow through a
transforming cell. It was experimentally ascertained
that the noise mechanism is determinative for METs
at frequencies lower than several hertz. Balanced
hydrodynamic fluctuations in models corresponding
to real molecular-electronic seismosensors were dis-
cussed in [35]. The fluctuation-dissipation theorem
made it possible to derive the expression for the spec-
tral density of the mean square of a pressure drop over
a transducer surface as a function of microscopic
parameters of a transforming component:

<5p2>w = 2k,TR,, (12)

where R, is the transducer’s hydrodynamic resistance,

kg is the Boltzmann constant, 7 is the absolute tem-
perature, and o is the frequency.

In the wide frequency range, the spectrum of MET
self-noises is analogous to Nyquist noise except for the
fact that, in the MET, R, serves as an electric resis-
tance. In the history of creation of METs, an import-
ant role was played by [35] because the technique for
experimentally and theoretically estimating the intrinsic
noises of certain devices was developed on their basis.
Formula (25) was multiply confirmed experimentally
for different types of practically used devices whose

hydrodynamic resistance was R;, ~ 10° (N's) / m’.

The experiments of [36—39] demonstrated that the
dependence of transducer self-noises on the afore-
mentioned parameters can be more complex than that
corresponding to formula (12). In particular, it was
established that, beginning with some level of an exter-
nal signal, absolute noise is determined by its ampli-
tude and the spectral density of MET noise increases
toward low frequencies with decreasing hydrodynamic
resistance.
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At low frequencies, a substantial contribution to
MET self-noises investigated in [35] is provided by
hydrodynamic noise of the vortical pulsations of local
velocities and pressure, which were studied in [37].
These pulsations arise when an electrolyte flow passes
over the transducer’s electrode system at sufficiently
high signal level.

In the operating frequency band, the total spectral

density of hydrodynamic noise of METs, which is
expressed in acceleration units, has the form

e’} = ﬁ @ (ij )

Epa 1 2ksTR,
X(_j P ER
N IR, pl

where a is the disturbing signal (external acceleration),
R is the characteristic size of the component of an
electrode structure, & is the boundary layer thickness,
S is the total area of holes in the grid electrode, S is
the cross-section area in the transducer channel, / is
the transducer-channel length, and p is the electrolyte
density.

(13)

Local vortical pulsations contribute substantially to
total hydrodynamic noise starting with a level of

(1.5—3)><1078 m/s2 / vHz, and its value grows with
increasing signal level.

The authors of [38, 39] investigated noises of the
MET in the vertical seismosensor with fixed mem-
branes at channel ends. This actually excluded an inte-
gral liquid flow in the channel and the influence of
noise examined in [35]. It was demonstrated that, at
frequencies lower than 0.1 Hz, the transducer with
reduced hydrodynamic resistance R, exhibits noise
exceeding the Kozlov—Sakharov noise level [35] and
growing toward low frequencies. In [39], the model
describing the physics of appeared noise of the given
type, which is related to closed microflows through
separate channels in the dielectric partition between
electrodes and nonidentical electron-grid compo-
nents in each of these channels, was proposed.

The method of random forces made it possible to
obtain the expression for the above-described model:

< > B4kBT( ) 0(2,

h

(14)

where k is the averaged electrochemical transfer
function of the transducer, B is the coefficient whereby
the output noise current is transformed into input

—\2
velocity units, o = <(Akn )2> / (k) is the semiempiri-
cal coefficient exhibiting the degree of inhomogeneity
of an electrode mesh in the molecular-electronic cell,

and Ak, is the deviation of the flow-velocity transfor-
mation from the average value for the nth channel. In
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the case of additional noise in the current, the follow-
ing expression is valid:

<I > 4ky TN <(AZ ) >

where N is the number of microchannels in the dielec-
tric partition and r, is the hydrodynamic resistance of
the nth channel.

The influence of the given intrinsic-noise mecha-
nism can be decreased by selecting the optimal param-
eters of an electrode mesh in the assembly. In this case,
parameter ¢, takes the smallest value [40].

The authors of [26] proposed the theoretical model
of diffusion-current fluctuations in the molecular-
electronic cell with planar electrodes under conditions
that convection is free and an integral liquid flow is
lacking in the channel with different Rayleigh num-
bers Ra. It was demonstrated that the convection noise
can be diminished by decreasing the system’s Rayleigh
number, which can be attained by reducing an electro-
lyte concentration or the sizes of the components of a
transforming cell. However, Ra cannot be very small
because an increase in hydrodynamic resistance leads
to a growth in hydrodynamic noise [35].

5)

In [41], electronic noises specifying the operating
transducer voltage and ensuring current transforma-
tion into an output voltage of the molecular-electronic
cell were investigated. The practical problem in which
the intrinsic noises of the MET is separated from noises
introduced by corresponding electronics reduces to
corrective determinations of transducer impedances. In
turn, this is not always a trivial problem.

It was found that noises introduced by concomitant
electronics and caused by the impedance of METs
arrange at the input of the electronic cascade of signal
amplification provide appreciable contribution only at
frequencies of higher than 10—20 Hz and small con-
centrations: 0.002—0.01 mol/L. For all investigated
samples, electronic noises lie substantially lower than
the sensor self-noise at higher electrolyte concentra-
tions and frequencies of 1—10 Hz. When the frequency
exceeds 1 Hz, the intrinsic noise of MET-based mea-
suring devices arises from convective processes in the
transforming component, rather than concomitant
electronic noises, as was regarded earlier.

The authors of [42] proposed the model of the
intrinsic noises of molecular-electronic angular sen-
sors operating at frequencies of 1—150 Hz. It was
revealed from experimental data that convection noise
satisfying the mechanism reported in [43] is prevailing
in the frequency range of up to 50 Hz and noise related
to the voltage of the input operational amplifier of a
sensor’s electronic block is predominant at higher fre-
quencies. In this case, noise corresponding the latter
of the given mechanisms depends on the output
impedance of sensors. In [42], it was assumed that the
impedance is purely active and the frequency depen-
Vol. 63
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dence of the impedance must be allowed for in the
more accurate model.

Figure 5 illustrates the typical noise records of the
MET presented in terms of the power spectral density.
The cross-correlation method enables us to extract the
correlated part from the signal records of two devices
(curves I and 2), providing the result in the form of
curve 3 corresponding to the noise characteristic of
the MET.

In addition, let us consider the typical noise and
dynamic characteristics of established classes of MET-
based devices. The characteristic values of formed dif-
ferent classes of MET-based devices are summarized
in Table 1 composed on the basis of the review pre-
sented in [44]. A large number of MET-based devices
hasbeen developed, and the Russian company “R-sen-
sors” commercially produces seismometers, which
successfully compete with the best foreign instruments
in the world market [6, 7, 45—50].

5. REQUIREMENTS TO DEVICES
AND MOLECULAR-ELECTRONIC
TRANSDUCER APPLICATION
IN SEISMOLOGY

The quality of seismic stations and the self-noise
level of seismic devises were estimated using the Peter-
son low-noise model (LNM) [51, 52] and the high-
noise model (HNM). To construct models, a certain
characteristic describing the frequency distribution of
noises (e.g., spectral densities) for a large number of
seismic stations, which was recorded during the calm
period of the given stations, was chosen. Afterward,
envelopes from above (HNM) and from below (LNM)
are constructed for the obtained set of curves. Subse-
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Fig. 5. Power spectral densities of the MET-based minia-
ture geophone. Curves / and 2 were recorded during long
signals or two identical geophones, and curve 3 corre-
sponds to the intrinsic-noise level calculated via the cross-
correlation method.

quently, owing to accumulation of a large amount of
experimental data, the new low-nose model (NLNM)
appeared.

In many cases, almost everywhere observed noise
exceeds the LNM by a rather perceptible value. For
example, at frequencies of higher than 1 Hz, the noise
level greater than the NLNM by 20 dB can be assumed
as uniquely low. Another example is microseism noise
between 2 and 20 s, which has strong seasonal varia-
tions and can be up to 50 dB higher than the NLNM
in the winter period. At low frequencies, the noise
level is distinguished by a large stability and is com-
monly 10—20 dB higher than the LNM even for places

Table 1. Typical noise and dynamic characteristics of different classes of MET-based devices

Device characteristics

Device class . . maximum recorded dynamic
self-noise level self-noise value .
signal range, dB
Wideband seismometers —130to —160 dB 10 nm/s*YHz 17.5 mm/s 125
(from the level
of 1 m/s*YHz)
Short-period seismom- | —140 dB (from the level 15 nm/s [+£3.75 mm/s 120
eters of 1 m/s*YHz) in the operating band + 7.5 mm/s]
Compact seismosensors| —120 dB (from the level 100 nm/s 50 mm/s 110
of 1 m/s>YHz) 70 ng/YHz at 100 Hz
at 10 Hz
Strong motion acceler- —110to —120 dB 130 Hg/VHz, at 10 Hz 10.8g/t4¢g 130
ometers (from the level
of 1 m/s>YHz)
Angular seismosensors | —122 dB (from the level 8 x 107 rad/s>VHz +0.1 rad/s 110
of 1 m/s>YHz) 2 % 1077 rad/s
planar in the range of 0—10 Hz
Here and in Table 3, 1 ng = 9.81 x 10~ m/s2.
JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS  Vol.63 No.12 2018
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Fig. 6. Comparison between the self-noises of seismome-
ters: curve [ corresponds to the Peterson LNM [53], curve 2
is the HNM, curve 3 is the self-noise of the R-sensors
SME-6211 seismometer based on the MET, curve 4 is the
self-noise of the Shtreckeisen ST62 seismometer, and
curve 5 is the self-noise of the Trillium T240 seismometer.

that are noisy in other relations. The latter statement is
valid only for a vertical channel for which the model
was constructed. In the case of horizontal compo-
nents, the noise level corresponding to frequencies of
lower than 0.05 Hz is tens of decibels higher and
undergoes strong changes. This can be attributed to
the fact that horizontal channels are strongly sensitive
to inclinations created by wind loads on closely spaced
trees and buildings. Another source of such inclina-
tions is atmospheric-pressure variations along the
Earth surface.

Thus, when the device self-noise is lower than the
Peterson model, such device is applicable to recording
of very weak signals at exceptionally calm seismic sta-
tions. The devices whose noises are 10—20 dB higher
than the NLNM can be used at the majority of seismic
stations. An CME-6211 seismometer [53] refers to
such a class of devices. This determines its high rele-
vance in practice. For widespread seismometer mod-
els, the self-noise levels with respect to the NLNM
and HNM is depicted in Fig. 6.

At the same time, devices with higher noises can be
employed in seismic measurements to record rather
strong motions of the Earth surface. CME-4211 and
CME-4311 models have found wide application under
field conditions, where the noise level is appreciably
higher than that inherent to seismic stations used to
construct the noise model described above. Hence,
the first place occupies performance criteria, such as a
small mass and compact sizes in combination with
reliability and simple utilization [54].

In [55], the calderas of volcanos belonging to the
Avachinskaya group (Kamchatka) were investigated.
Continuous measurements were performed during
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several months by means of the time network involving
11 seismic stations equipped with CME-4311 instru-
ments. Afterward, with the help of 21 analogous seis-
mic stations, the Gorelyi volcano model was con-
structed.

In [56], MTSS-2003 seismoreceivers based on the
molecular-electronic principle of operation were
employed to record soil oscillations of the subgrade
and the peat roadbed of railway lines during train
motion.

The SEAHELLARC Greek project on the creation
of terrestrial-underwater seismic network with real-
time data transmission for early prediction of tsuna-
mis, the composition of which incorporates terrestrial
and bottom stations equipped with MET-based
CME-4011 devices in standard modification and that
for bottom seismic stations, is efficiently developed
[57—59]. Details concerning the application of MET-
based seismometers included in bottom seismic sta-
tions can be found in [60, 61].

Three digital regional seismic stations equipped
with CME-6011 and CME-4011 devices in the low-
temperature modification operate in the YARS seis-
mic network located at Sakha (Yakutia) republic
(regional codes and station names are VIM (Vitim)
operating continuously since 2003, BLS (Bulus), and
SOT (Stolb) placed in the zone of perpetual congela-
tion) [62].

Moreover, CME-4111 seismometers were used to
monitor the ice-field state in the day and night
recording mode and investigate the dynamic proper-
ties of sheets of ice at drifting stations North Pole-36,
North Pole-39, and North Pole-40. The same seis-
mometer model was employed to observe the
dynamics of the Nordenskjold Glacier via the seis-
mometric method [63].

At present, MET-based seismometers occupy a
confident position in the world market and enable the
obtainment of scientific data of new quality. However,
the potential of MET application in measuring instru-
ments is not exhaust by seismological equipment.
Nowadays, the development of microelectronic tech-
nologies of MET manufacturing moves the techno-
logical restrictions imposed on METs toward upper
operating frequency and creates the opportunities
mass production, thereby extending the circle of pos-
sible applications of sensors based on them.

6. DEVICES AND SYSTEMS BASED
ON PLANAR AND MESH MOLECULAR-
ELECTRONIC TRANSDUCERS

The modern state of MET-based instrument engi-
neering was described in [64, 65]. Seismometers,
accelerometers, and geophones based on METs are
commercially produced by Russian research-and-pro-
duction companies R-sensors [44], Seismotronics
[66], and NordLab [67] created by graduates of the
Moscow Institute of Physics and Technology (MIPT)
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Table 2. Comparative characteristics of MET-based single-component geophones and those of widespread geophones of

other manufacturers

Manufacturer and geophone name
Geophone parameters 00O Geospace, Sercell, R-sensors, Seismotronics,

GS-11D L28LB MTSS-1001 STRA-1001
Sensing-element type Magnetomechanical |Magnetomechanical MET planar MET
Number of axes 1 1 1 1
Height, mm 34 38 35 50
Diameter, mm 32 31 32 32
Lower boundary frequency, Hz| 4.5, 8, 10, 14 £0.75 4.5 1£0.05 1£0.05
Transformation coefficient, 32+ 10% 31.3 250 £ 2% 250+ 1%
V/m/s
Nonlinear-distortion coeffi- <0.2 <0.2 <0.1 <0.2
cient, % at a signal of 18 for versions with 8 Hz,
mm/s/measurement are per- 10 Hz, 14 Hz
formed at 12 Hz (nonsptcified for ver-

sion 4.5 Hz)

Requirements to determination Inclination angle There no indications 0 perabilty 0 perabilty

of <30° at any orientation at any orientation

(State University) and (or) with the participation of
the MIPT. Technical characteristics of commercial
devices are presented at the sites of the given compa-
nies. A number of works was devoted to the study of
MET characteristics and application of seismometers
and geophones [68—71].

It should be emphasized that the development of
the methods whereby the temperature dependence is
simulated [72] made it possible to create the efficient
methods for temperature derating compensation.
Since the feedback was introduced into the device
structure, the problem concerning the frequency cor-
rection of device characteristics was solved to a great
extent [45].

On the basis of the new planar MET, the prototype
of a high-accuracy geophone was produced and its
characteristics were investigated. The main results are
presented in [6, 7]. The new type of high-accuracy
geophones appeared in the market of seismic pros-
pecting devices can exert considerable complex influ-
ence on the efficiency of seismic works in the part of
their acceleration, cost reduction, resolution improve-
ment, and an increase in exploring depth. MET-based
geophone characteristics are compared with those of
single-component magnetomechanical geophones and
three-component MEMS-based onesin Tables 2 and 3.

Single- and multicomponent recorders of rota-
tional motions are also commercially produced
[72, 73]. They have a special importance due to grow-
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ing interest in the investigations of the rotational com-
ponent of a seismic field. In 2006, International
Working Group on Rotational Seismology (IWGoRS)
[74] was created to study all aspects of rotational
motion in the seismology field. In particular, record-
ing of the ratio between the amplitudes of linear and
angular oscillations, which is performed using a six-
component seismoreceiver, makes it possible to esti-
mate source sizes and more accurately extract trans-
verse waves. With the use of six-component seismom-
eter network, it is possible to highly accurately deter-
mine epicenter coordinate [75]. The necessity of
studying the rotational oscillations of the Earth surface
and possible directions of investigations were dis-
cussed in [76].

Rotational sensors can also be employed in the
monitoring system of the state of complex engineering
objects, such as bridges, dykes, dams, and high-rise
buildings. Comparative characteristics of MEMS-
based sensor of rotational motion and those of other
types of sensors are parented in Table 4. The high
accuracy of electrochemical rotation sensors enabled
the development of original navigational devices to
determine the direction to the geographical pole [77]
via inertia methods. As was demonstrated, determin-
ing the amplitude and phase of the signal rotating in
the Earth gravitational field around the vertical rota-
tion axis, it is possible to find the projection of the
Earth rotation velocity on the given latitude and the
Vol. 63
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Table 3. Comparative characteristics of MET-based three-component geophones and those of certain three-component
geophones of other manufacturers

Geophone parameters

Manufacturer and geophone name

R-sensors and
Seismotronics,
commercial
MTSS-1033A

Seismotronics,
plamar STRA-
1030/STRA-1010

ION, seisoaccelerometer
Colybrys Digital-3 used
in the Vectorseis system

Shell + Hewlett-
Packard,
developments are
performed jointly

Measured signal range,

m/s?

+30 (at any inclina-
tion), overloading is
excluded under opera-
tion conditions

+30 (at any inclina-
tion), overloading is
excluded under opera-

tion conditions

*3.3 (at any inclination).
The time of recovery of
operability under over-

loading is ~1's

There are no data

Noise, ng/VHz ~45 ~20 ~45 ~10
Frequency range, Hz 0.1-120 1-500 DC (1450 _ DC (0.1—1000)
Dynamic range, dB, in the 135 130 120 There are no data
band of up to 100 Hz

Nonlinear distortions, %, *+0.05 + 0.01 +0.002 There are no data

at 12 Hz under the condi-
tion that peak-to-peak
input signal is 18 mm/s

Table 4. Comparative table of different angular sensors of motion

Manufacturer and sensor name
Sensor parameters Sensonor, COT:&EQ:ZES::K:}] Emcore, Fizoptica R-sensors,
STIM210 SRI00FR EMP-1.2K VG 910 METP-03
Principle of operation Shift of vibrating Toroidal channel Fiber-optical | Fiber-optical | MET-based
inertial mass under |filled with liquid and gyroscope gyroscope transducer
the action of Cori-| the piezoelectric
olis force, MEMS | transducer of pres-
technology sure and liquid drops
Self-noise level, rad/s/VHz 5% 10-3 3% 1073 5% 1077 1.5x 1073 3x 1078
Component price, US dollars >1000 >1000 >10000 >2000 ~500

direction to the geographical North pole coinciding
with the maximum of the recorded projection of the
Earth rotation velocity.

The opportunity of recording a constant linear
acceleration was previously assumed to be substantial
advantage of MEMS accelerometers over electro-
chemical systems. To solve this problem, the new
structure of an electrochemical transducer with an
efficient inertia mass created by means of electro-
chemical methods, which was capable of measuring a
constant linear acceleration, was proposed [78]. How-
ever, this construction has a comparatively high level
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of intrinsic noises. To preserve acceptable noise levels,
combined (MEMS + MET) low-noise sensors, which
jointed the advantages of MEMS and MET technolo-
gies, were developed [79, 80]. For this purpose, sum-
mation of signals from both sensors was employed.
Moreover, the frequency band of each sensor was
restricted so that the amplitude characteristic
obtained after summation would an independent form
in frequency. In this case, MEMS accelerometer
whose noise level is much higher than that of the MET
accelerometer at medium and high frequencies pro-
vides information on the signal only at frequencies
Vol. 63

No. 12 2018



MEASURING DEVICES BASED ON MOLECULAR-ELECTRONIC TRANSDUCERS

from zero to hundredths of a hertz. All other frequency
range is covered by the MET-accelerometer signal.
Owing to the addition of the narrowband MEMS-
accelerometer signal, the combined device can record
a combined component of acceleration. Since the
band of a MEMS signal becomes narrow as compared
to the frequency band of the combined device, its
noise additive is insignificant and resultant noise
parameters of the combined device remain practically
identical to those of the single MET.

At present, several tens of original experimental
devises and systems intended for the solution of vari-
ous problems have been developed in the Department
of Physical and Quantum Electronics of the MIPT at
the Center of Molecular Electronics based on MET
technology, among which can be distinguished, e.g.,
the system of personal inertial navigation of foot-pas-
sengers [81], the system of monitoring of high-rise
building oscillations [82, 83], the seismic security sys-
tem of foreign type making it possible to record the
“violator” motion trajectory [84], and the meter of the
rotational oscillations of the Earth surface during
the remote control of the boring process [85].

Motion-parameter meters based on molecular-
electronic transfer in METs have a rather wide sphere
of application under the conditions of their low prime
cost upon mass production with the help of modern
microelectronic  technologies and quantitative
enhancement in technical parameters. This comprises
(2D and 3D, including vectorial) seismic prospecting,
navigation systems, including portable, personal, and
intended for small autonomously acting devices, sys-
tems of vibrocontrol and seismic monitoring of the
states of buildings and constructions, certain medical
applications (portable cardiomonitoring systems,
orthopedics, and sport medicine), car security systems,
and robotics. Aggregation of the advantages of signal’s
electrochemical recording and microelectronic tech-
nologies can lead to the creation of the new class of
microelectronic devices.
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